Abstract: In the present work we used three molecular techniques (allozymes, RAPDs and mtDNA RFLPs) in order to study the genetic structure of three commercial marine species (Mullus surmuletus, Mullus barbatus, and Pagellus erythrinus). Each species was sampled from three locations within the Gulf of Pagasitikos, Greece and from two neighbouring locations outside the Gulf (Trikeri and Alonissos). Values of genetic heterozygosity and nucleotide diversity for all populations studied were similar or above the mean values observed in marine fishes. None of the three types of molecular markers used revealed diagnostic patterns, which could allow the allocation of individuals to one of the populations. The analyses revealed that the three populations within Pagasitikos were homogenous representing thus a panmictic stock. However, there were evidences of genetic population subdivision between localities from inside and outside of the Pagasitikos Gulf. The results provide essential information for the design of a sustainable management plan of the Gulf of Pagasitikos and its demersal fish resources.
Introduction
Marine pelagic and demersal fishes are expected to exhibit little intraspecific genetic structuring due to the absence of barriers to migration and gene flow . However, recent studies have illustrated examples where, in the absence of physical barriers or great geographical distances, closely related marine fish species may exhibit population structuring based on subtle differences in spawning behaviour, selfrecruitment, and mechanisms of near-shore retention of larvae (Knutsen et al. 2003) . Therefore, an accurate definition of population structure is particularly important for fisheries management of commercial marine fish, since failure to identify population units could lead to local overfishing and ultimately to severe declines (Zardoya et al. 2004 and references therein).
The Gulf of Pagasitikos (west central Aegean Sea, Greece) presents particular interests and advantages for such kind of analyses due to local topographical and managerial peculiarities of the area. It is a shallow (mean depth 69 m; max. depth 108 m), semienclosed meso-oligotrophic basin with differentiating oceanographic and bathymetric conditions from the west to the east. The west side is characterised by the shallowest waters, muddy bottoms and a number of small torrents that enrich the west side with nutrients and form nursery sites. Besides the transitional circulation patterns, Pagasitikos presents an almost stable dipole, an anticyclone in the east gulf and a cyclone in the central-west gulf, that affect nutrient transportation; the anticyclone deposits organic material to the benthos whereas the cyclonic circulation uplifts nutrients to the top layers of the water column. In the central gulf, the nutrients transported to the top water layers, exit the gulf to the neighbouring Aegean Sea. Fishing activity within the Gulf is restricted to smallscale traditional fisheries since trawling is prohibited by law for the last thirty years. However, illegal trawling is common especially near the mouth of the Gulf and standard patrol measures are not sufficient for the stricter enforcement of the regulations. Over the years it has become the necessity the introduction of alternative methods to detect illegal catchments in a timeand cost-effective manner.
It is well established that genetic methods are valuable tools for analysing population structure. However, the relative usefulness of different methods in the assessment of intraspecific genetic variation depends largely upon the species and geographical scale to which they are applied, as well as the questions set (Ward & Grewe 1994) . In the present study, three types of genetic markers (allozymes, RAPD and mtDNA PCR-RFLP) were applied to assess variation in collections of three commercial marine species coming from five different locations within and outside the Gulf of Pagasitikos. The studied species were the red mullet (Mullus barbatus L., 1758), the striped red mullet (Mullus surmuletus L., 1758) and the common pandora (Pagellus erythrinus L., 1758). All three types of molecular markers could be in- Yes corporated in an illegal fishing monitoring scheme since they are employed by local laboratories and they do not require access to unavailable sequencing facility, which could render the monitoring cost prohibited. Species were selected upon their economic importance for the Mediterranean fisheries. Sampling localities are common fishing grounds with different properties in terms of bathymetric -oceanographic characteristics, protection framework and illegal fishing activity. The work presented here was part of a larger research project aiming on understanding the structure, function and dynamics of the Pagasitikos Gulf ecosystem, with a final target to achieve its sustainable management and monitoring. These investigations help to determine whether the populations examined may be considered as drawn from the same gene pool and also provide data on gene flow between them.
Material and methods
A total of 200 individuals of each species (M. barbatus, M. surmuletus and P. erythrinus) were collected from commercial trawler catches, in the context of fish stock assessment project. The samples were collected from five different locations (40 individuals per location), three from within the Pagasitikos Gulf (PAG) and two from the neighbouring areas Trikeri (TRI) and Alonissos (ALO), outside the Gulf (Table 1) . Each location represents a unique combination of oceanographic characteristics, protection framework and fishing activity. The location ALO is within the National Marine Park of Alonnisos North Sporades (NMPANS), established 14 years ago for the protection of the endangered Mediterranean monk seal Monachus monachus. Within NM-PANS the controlled use of resources is permitted and fishermen express strong dissatisfaction since fishing grounds have shrunk due to containment measures (Oikonomou & Dikou, 2008) . Illegal fishing is considered quite extended (Table 1 ). All specimens arrived in ice at the laboratory, where samples of white muscle, liver and eye were excised from each individual and stored at −20
• C until further analysis. For the purpose of DNA analyses, DNA was extracted from muscle tissue following protocols reported in Mamuris et al. (1998b) .
Allozyme analysis was carried out employing standard horizontal starch-gel electrophoresis (see Harris & Hopkinson 1976) . Fourteen enzymic systems [Alcohol dehydrogenase (ADH, EC 1.1.1.1); Aspartate aminotransferase (AAT, EC 2.6.1.1 ), Creatine kinase (CK, EC 2.7.3.2) Esterase (EST, EC 3.1.1), a-Glycerophosphate dehydrogenase (aGPD, EC 1.1.1.8), Isocitrate dehydrogenase (IDH, EC 1.1.1.42), Lactate dehydrogenase (LDH, EC 1.1.1.27), Malate dehydrogenase (MDH, EC 1.1.1.37), Phosphoglucomutase (PGM, EC 5.4.2.2), Phosphogluconate dehydrogenase (PGDH, EC 1.1.1.44), Phosphoglucose isomerase (PGI, EC 5.3.1.9), Superoxide dismutase (SOD, EC 1.15.1.1), Xanthine dehydrogenase (XDH, EC 1.1.1.204), Xanthine oxidase (XO, EC 1.2.3.2)] coding for a total of 20 (16 in P. erythrinus) putative loci were analysed for all species. Details of the enzymes surveyed, the electrophoretic conditions, the stains used and the statistical analysis are given in Mamuris et al. (1998a) . The level of genetic differentiation among populations of each species was estimated by using both FST (Wright 1978) and χ 2 contingency table analysis of allele frequencies (with rare alleles pooled) for all variable loci. Significance of departure of FST values from zero was calculated using the χ 2 test of Workman & Niswander (1970) ,
where N is the number of individuals sampled, k is the number of alleles at a locus and s is the number of populations. The number of migrants per deme per generation (Nem) was calculated from FST according to the formula: Nem = [(1/FST) − 1]/4 (see Waples 1987) . All calculations were performed using BIOSYS release 1.7 (Swofford & Selander 1989) . RAPD analyses were performed using initially 40 decamer primers, all purchased from Operon Technologies, Alameda, CA, USA, referred to as A and F kits, containing 20 random primers each. To assess genetic markers capable of distinguishing between populations, six individuals from each population (i.e., 30 individuals) of each species were screened with all 40 random primers and amplification products were separated on agarose gels. In addition, in order to determine genetic affinities between populations, 20 individuals from each population of each species were screened with four primers (OPA02, OPA09, OPE1, OPE12), except from M. surmuletus that were screened with eight primers (OPA02, OPA05, OPA11, OPA16, OPF05, OPF06, OPF12, OPF17). The primers were chosen arbitrarily and the amplification products were separated on non denaturing polyacrylamide gels. Experimental conditions for the RAPD method are documented in Mamuris et al. (1998b) . The degree of geographical heterogeneity of RAPD marker frequencies was checked using a χ 2 statistic as described by Roff & Bentzen (1989) . The significance level was obtained by 10,000 Monte Carlo randomizations, using the REAP package (McElroy et al. 1991 ). In addition FST was estimated with RAPDFST program (Black 1995) . RAPDFST computes FST values for each RAPD locus assuming that subpopulations are in Hardy-Weinberg equilibrium and assuming dominance at each locus. It then calculates chi-square contingency values and computes probability scores to test for significance.
Mitochondrial DNA variation was analysed by restriction fragment length polymorphisms (RFLPs) performed on three PCR-amplified mtDNA regions: Cytochrome b-control region, COI and 12S-16S rRNA. The primer pairs used to amplify the three regions were L14841 and H16498 for Cytbcontrol region; L5950 and H7196 for COI; and L1091 and H3080 for 12S-16S rRNA (Palumbi et al. 1991 and references cited within). The three mtDNA segments were polymerase chain reaction (PCR) amplified individually using standard reagents and annealing temperature 52
• C for all different fragments (exact protocols are available from the author for correspondence upon request). The amplified segments were subsequently screened for polymorphism with the following 15 restriction endonucleases: AluI, AseI, AvaII, BamHI, BanI, BstUI, DdeI, EcoRI, HaeIII, HincII, Hinf I, HpaI, MspI, PstI, XbaI. All the restriction endonucleases were first screened on four individuals from each species to check the presence of recognition sites. The informative restriction enzymes were then applied to 20 individuals from each population of each species (i.e., 100 individuals for each species). The restriction site pattern data was analysed using the REAP (McElroy et al. 1991 ) computer packages. Monte Carlo randomization tests were performed to determine the significance of haplotype frequency distributions among sampling sites using the program MONTE in REAP and the significance level was obtained by 10,000 randomizations. NST (Lynch & Crease 1990 ) was used to estimate the degree of population subdivision at the nucleotide level within each species. Throughout the analyses, corrections for simultaneous multiple comparisons were applied using sequential Bonferroni correction with adjusted nominal level 1% (Rice 1989) .
Results

Allozyme data
Of the 20 loci assayed for M. barbatus and M. surmuletus, 12 (mAAT*, sAAT-1*, CK-1*, CK-2*, LDH-A*, LDH-B*, MDH*, PGI-1*, PGI-2*, PGI-3*, PGM*, SOD*) were monomorphic in all samples of M. barba- tus, while the remaining 8 loci (XO*, sAAT-2*, EST*, XDH*, IDH*, PGD*, aGPD*, ADH*) showed common allele frequencies <0.99 in at least one population. In M. surmuletus 11 loci were monomorphic (mAAT*, CK-1*, CK-2*, LDH-A*, MDH*, LDH-B*, PGI-1*, PGI-2*, PGI-3*, PGM*, SOD*), and the remaining 9 loci showed common allele frequencies < 0.99. Finally, of the 16 loci assayed for P. erythrinus, 10 were monomorphic (CK-1*, CK-2*, CK-3*, LDH-A1*, LDH-A2*, LDH-C*, SOD*, MDH-1*, MDH-2*, XDH*) and the remaining 6 (sAAT-1*, LDH-B*, PGI*, PGM*, EST*, ADH*) were polymorphic in at least one population. At species level, the mean number of alleles per locus and the percentage of polymorphic loci under the 0.99 criterion was 1.8 and 45% for M. barbatus, 1.9 and 40% for M. surmuletus and 1.34 and 41% for P. erythrinus. According to allozymes, at each species studied, genotypic proportions differed significantly from Hardy-Weinberg expectations at less than the 5% of cases, which would be expected by chance, indicating that breeding within the populations sampled was panmictic. The values of expected heterozygosity (Hex) ranged from 0.102 to 0.169 at population level and from 0.131 to 0.155 at species level, while those of the observed heterozygosity (Ho) ranged from 0.062 to 0.137 at population level and from 0.088 to 0.128 at species level (Table 2) . When all loci were considered together, the χ 2 contingency analyses (after Bonferroni corrections) indicated that allele frequencies differed significantly (P < 0.05) among the five populations in each species. However, the same tests were not significant when considered only the three populations from the Pagasitikos Gulf. The results of the χ 2 analyses were consistent with the Fst values. Thus, for each species, the mean Fst value for all five populations was significant (Table 3) while no genetic population subdivision was evident among the three populations from Pagasitikos Gulf.
RAPD data
Most primers yielded satisfactory amplification products with all specimens tested (exact band patterns of all primers tested are available upon request). Nevertheless, they failed to yield a diagnostic band for identification of the various geographic populations of each species. Based on the four (8 for M. surmuletus) primers used to analysed the population variation, a total of 87,154 and 92 bands were scored for the M. barbatus, M. surmuletus, and P. erythrinus samples, respectively. The values of observed heterozygosity (Ho) ranged from 0.168 to 0.296 at population level and from 0.220 to 0.244 at species level (Table 2 ). Overall analysis of marker frequencies, using χ 2 -tests with a Monte Carlo simulation, showed significant (P < 0.001) geographical heterogeneity between the five populations at each species. However, similar to allozyme analyses, no significant differences were found among the three populations of each species from the Pagasitikos Gulf. Fst values calculated from RAPD data were in good agreement with those calculated from allozyme data (Table 3) .
MtDNA data
Ten, 12 and 12 out of the 15 restriction enzymes used were polymorphic for the M. barbatus, M. surmuletus, and P. erythrinus, respectively. Restriction patterns for each species and each segment are available upon request. Polymorphism was found in all 3 segments but at considerably different levels within each region. In total, for the 3 segments, 30, 65, and 25 different haplotypes were scored for M. barbatus, M. surmuletus, and P. erythrinus, respectively. The greatest part of the observed polymorphism in all species came from the control region. The Cytb-control region generated 22, 62 and 19, the COI region generated 7, 3 and 2, and the 12S-16S rRNA region generated 1, 0, and 4 different haplotypes (composite genotypes), for M. surmuletus, M. barbatus and P. erythrinus, respectively. The values of nucleotide diversity (D) ranged from 0.34% to 2.0% at population level and from 0.44% to 1.80% at species level (Table 2 ). For each of the three species, statistically significant differences in haplotype frequencies among all of its populations were observed. However, for each species, there was no significant heterogeneity between samples within Pagasitikos. According to the Nst estimates (ranged from 0.44 to 0.52, Table 3 ) almost half of the overall genetic diversity observed was within populations and the other half was accounted for by the interpopulation genetic diversity of each species. Yet, it should be noted that the distribution of mtDNA variation presented here may depended on the selection of the endonoucleases used. Thus, since the enzymes were selected by screening individuals from different populations, contribution of between population heterogeneity to the overall variation may be overestimated.
Discussion
In the present study, two genetic systems (nuclear and mitochondrial) and three types of molecular markers (allozymes, RAPD and RFLP) were used to determine genetic variation in three marine species populations from within and neighbouring to Pagasitikos Gulf localities.
All species studied are important target species for small-scale fisheries, multispecies fisheries, traditional performed around the Mediterranean coast (Tzanatos et al. 2008) . Small scale fisheries are a very important component of the Mediterranean fishing sector, especially considering their socioeconomic significance (Farrugio et al. 1993) . Their management is often encumbered by the diversity of gears and target species, scattering of activity and associated spatial and temporal heterogeneity (Tzanatos et al. 2005) . In this aspect, data concerning fishstock biological condition contribute to the design of sustainable management plans focused on local peculiarities. However, the effective management and conservation of fish species requires the recognition and conservation of genetic variation within and among its populations.
Mean heterozygosity is considered the most important way of measuring genetic variation (Nei 1975) . The results of the present study revealed that the values of heterozygosities found from allozyme and RAPD analyses were above the average values found for other marine teleosts using the same methods. For example the values of the observed heterozygosity found from allozyme analyses range from 0.062 to 0.137 (Table 2) while the average for all marine teleosts has been estimated as 0.064 . Moreover, the values of haplotype diversity found from mtDNA analyses of this study are similar or higher to those have been reported for other marine fish populations (Graves 1998) . Overall, the high values of heterozygosities (or nucleotide diversities) imply that the species studied have had a long unbroken history in the area without population bottlenecks (Gyllensten 1985) .
None of the three types of markers used for each of the three species studied succeed to yield any diagnostic marker that could lead to unambiguous identification of the various geographical populations. Regardless of the method used, genetic population subdivision was not evident for any species within the Pagasitikos Gulf, suggesting homogeneity within the Gulf. On the other hand, there was some evidence of genetic population subdivision between localities within and outside Pagasitikos Gulf. Thus, the χ2 contingency analyses for allozymes, the overall analysis of marker frequencies for RAPDs and the distributions of haplotype frequency among sampling sites for mtDNA, suggested genetic subdivision between the populations of each species. This significant genetic heterogeneity between populations was independent from the geographic distances among collecting sites, as revealed by Mantel (1967) tests (data not shown), and was also confirmed by Fst analysis (Table 3) . Genetic differentiation between intraspecific populations in relation to space, even at a small distance scale, has been reported for other marine fishes, such as Engraulis encrasicolus L., 1758 (Kristoffersen & Magoulas 2008) and was attributed to oceanographic conditions prevailing in the particular water bodies.
Fst values, if significantly different from zero (Ferguson 1994) , may be used to estimate N e m, the effective number of migrants per generation between populations. The estimated values of N e m for the populations of each species studied range from 6.4 to 9.7 according to allozymes and from 6.2 to 9.1 according to RAPDs. In all cases, these values were the highest for the populations within Pagasitikos and the lowest for those between Pagasitikos and Aegean Sea (Table 3) . These results further support the hypothesis that the oceanographic and bathymetric conditions prevailing in the Pagasitikos Gulf may reduce gene flow between locations from within and outside the Gulf (Petihakis et al. 2005) . Although, the N e m values of the present study were much smaller than the mean value for marine fishes (N e m = 22.76, ) and allow significant divergence of gene frequencies among samples, they were large enough (>1) to counteract the effect of genetic drift if one assumes an infinite island model (Kimura 1955) . In addition, the values found are comparative to those estimated for other marine species in the Mediterranean Sea (e.g., Engraulis encrasicolus, N e m = 8.6, Bembo et al. 1996 ; Mullus barbatus, N e m = 5.6, Mamuris et al. 1998a ; Mugil cephalus, N e m = 7.26, Rossi et al. 1998 ; Merluccius merluccius, N e m = 8.3, Cimmaruta et al. 2005) .
Species comparisons of N e m values for locations within and outside the Gulf (Table 3) indicate the highest exchange for P. erythrinus and the lowest for M. surmuletus. Biological parameters coupled with oceanographic and bathymetric conditions in the area might have a significant contribution to this difference between species. Both Mullus species have a benthic adult phase and pelagic larvae. However, M. surmuletus is found on rocky and sandy bottoms at depths usually down to 100 m, while M. barbatus is found mainly on muddy and sandy bottoms at depths down to 300 m. P. erythrinus on the other hand, moves on various bottoms (rock, gravel, sand and mud) down to 200 m (Froese & Pauly 2001) . It is therefore probable that bathymetric constrains and bottom characteristics combined with species behaviour differentiate migration scale between the three species. Exchange of pelagic forms between water bodies is assumed to be determined by the oceanographic characteristics of the area.
In conclusion, the techniques used in the present study provided useful genetic information on the three species studied that could be valuable for stock structure analysis. The advantages and the disadvantages of each technique in the field of population genetics have been extensively documented in several review articles (e.g., Carvalho & Hauser 1994; Ward & Grewe 1994) . Further genetic studies using modern DNA markers such as microsatellites and/or sequencing analyses of the mtDNA cytochrome b-control region and COI regions may facilitate the resolution of genetic differentiation between populations and therefore improve the quality of data available for management decisions.
